The magnitude and direction of carbon cycle feedbacks under climate warming remain uncertain due to insufficient knowledge about the temperature sensitivities of soil microbial processes. Enzymatic rates could increase at higher temperatures, but this response could change over time if soil microbes adapt to warming. We used the Arrhenius relationship, biochemical transition state theory, and thermal physiology theory to predict the responses of extracellular enzyme V max and K m to temperature. Based on these concepts, we hypothesized that V max and K m would correlate positively with each other and show positive temperature sensitivities. For enzymes from warmer environments, we expected to find lower V max , K m , and K m temperature sensitivity but higher V max temperature sensitivity. We tested these hypotheses with isolates of the filamentous fungus Neurospora discreta collected from around the globe and with decomposing leaf litter from a warming experiment in Alaskan boreal forest. For Neurospora extracellular enzymes, V max Q 10 ranged from 1.48 to 2.25, and K m Q 10 ranged from 0.71 to 2.80. In agreement with theory, V max and K m were positively correlated for some enzymes, and V max declined under experimental warming in Alaskan litter. However, the temperature sensitivities of V max and K m did not vary as expected with warming. We also found no relationship between temperature sensitivity of V max or K m and mean annual temperature of the isolation site for Neurospora strains. Declining V max in the Alaskan warming treatment implies a short-term negative feedback to climate change, but the Neurospora results suggest that climate-driven changes in plant inputs and soil properties are important controls on enzyme kinetics in the long term. Our empirical data on enzyme V max , K m , and temperature sensitivities should be useful for parameterizing existing biogeochemical models, but they reveal a need to develop new theory on thermal adaptation mechanisms.
| INTRODUCTION
By 2100, human-caused emissions of greenhouse gases are expected to warm the planet by 3-5°C with larger increases over the land surface (IPCC, 2013) . This warming will influence biological processes and ecosystems, potentially leading to feedbacks that mitigate or exacerbate greenhouse gas levels and the ultimate magnitude of planetary warming. Given that soils contain around three times as much carbon as the atmosphere (Jobb agy & Jackson, 2000) , feedbacks involving soil carbon are particularly important for future climate projections. Yet these feedbacks are poorly resolved and remain difficult to predict (Todd-Brown et al., 2014) .
Losses of soil carbon under warming are a major source of uncertainty in climate feedbacks Crowther et al., 2016) . Although many processes contribute to these losses, microbially driven decomposition of soil organic matter is expected to increase with warming due to the positive temperature sensitivity of most biochemical reactions (Davidson & Janssens, 2006) . In particular, the degradation of complex organic molecules depends on microbial extracellular enzymes with temperature-sensitive kinetic properties (Steinweg, Dukes, & Wallenstein, 2012; Wallenstein, Allison, Ernakovich, Steinweg, & Sinsabaugh, 2011) . For example, glycoside hydrolases such as a-glucosidase, b-glucosidase, cellobiohydrolase, and b-xylosidase degrade starch, cellulose, and hemicellulose (Burns et al., 2013) . Other enzymes such as N-acetylglucosaminidase, leucine aminopeptidase, and phosphatase target organic forms of nitrogen and phosphorus, while oxidative enzymes degrade aromatic polymers (Sinsabaugh, 1994 (Sinsabaugh, , 2010 .
Although enzyme kinetics have long been studied by biochemists in the laboratory (Somero, 1978) , the temperature sensitivity of soil enzymes remains unclear. Changes in temperature may affect the kinetic properties of individual enzymes, the expression of isozymes with different kinetic properties by specific organisms, and the relative abundances of microbes expressing different enzymes (Bradford, 2013; Davidson & Janssens, 2006) . Any combination of these factors may influence observed kinetic properties and their temperature sensitivities within a given environment and in response to temperature change.
There is a rich theoretical literature on the kinetics and thermodynamics of enzyme-catalyzed reactions. Many enzymes are assumed to follow Michaelis-Menten kinetics that describes the reaction velocity (V):
where V max is the maximum reaction velocity, [S] is substrate concentration, and K m is the half-saturation constant (i.e., substrate concentration at which V is one-half V max ). Note that K m appears in the denominator of the Michaelis-Menten equation, so increases in K m lead to lower reaction velocities. For purified enzymes, V max is proportional to k cat * [E] where k cat is the catalytic turnover rate (number of substrate molecules converted to product per enzyme per unit time), and [E] is the enzyme concentration. In enzyme mixtures, such as soils or culture fluid, measured V max and K m depend on the proportions of individual enzymes with different kinetic properties (Wallenstein et al., 2011) .
Transition state theory provides a framework for predicting how V max and K m respond to warming (Figure 1 ). According to this theory, enzyme catalysis requires enzyme-substrate binding, formation of an enzyme-substrate activated complex, and product formation and dissociation. Each step involves a change in Gibbs free energy:
DG ES ¼ DH ES À TDS ES for substrate binding (2) and DG z ¼ DH z À TDS z for formation of the activated complex (3) where DH is the change in enthalpy (heat of reaction), DS is the change in entropy (a metric of disorder), and T is temperature. In a typical enzymatic reaction (Figure 1 ), DG ES is negative and DG ‡ is positive.
V max and k cat are governed by formation of the activated complex and depend on temperature through the Arrhenius relationship (Davidson & Janssens, 2006) :
where A is a pre-exponential factor, E a is activation energy, and R is the ideal gas constant. Arrhenius and transition state theory are related because E a = DH ‡ + RT, and DS ‡ influences the pre-exponential factor (see Lonhienne, Gerday, and Feller (2000) for details).
Reaction rates increase as E a declines or as temperature increases due to an increasing fraction of reactants with sufficient energy to form an activated complex.
With long-term warming, as expected under climate change, V max and its temperature sensitivity could shift due to mechanisms of thermal adaptation (Bradford, 2013) . Cold-adapted enzymes are thought to be optimized through reductions in DH ‡ that reduce E a (Georlette et al., 2004; Lonhienne et al., 2000; Siddiqui & Cavicchioli, 2006 If E a increases under long-term warming, so should V max temperature sensitivity in accordance with the Arrhenius relationship. Still, this mechanism is not widely recognized, as some recent studies have hypothesized the opposite pattern-lower V max temperature sensitivity in warmer environments (Brzostek & Finzi, 2012; Nottingham et al., 2016; Wallenstein, McMahon, & Schimel, 2009 Recently, macromolecular rate theory (MMRT) has been proposed to account for empirical evidence that enzyme catalytic rates do not follow the Arrhenius relationship with increasing temperature (Alster, Baas, Wallenstein, Johnson, & von Fischer, 2016; Hobbs et al., 2013; Schipper, Hobbs, Rutledge, & Arcus, 2014) . MMRT posits that E a is not constant as assumed under Arrhenius theory but varies with increasing temperature due to changes in enzyme heat capacity. Although MMRT offers promise as a more mechanistic explanation of enzyme temperature sensitivity, the theory has not yet been applied to questions regarding K m or thermal adaptation of
The goal of this study was to determine the temperature sensitivities of V max and K m and whether these sensitivities shift with long-term warming. Temperature sensitivity is defined here as the slope of the relationship between the log(V max ) or log(K m ) value and laboratory incubation temperature. We hypothesized that (1) temperature sensitivity would be positive for enzyme V max based on Arrhenius theory and positive for K m due to a broader distribution of enzyme-substrate conformational states at higher temperatures (Georlette et al., 2004; Hochachka & Somero, 2002 (Dong & Somero, 2009; Georlette et al., 2004) .
We tested these hypotheses with individual strains of the filamentous fungus Neurospora discreta isolated across a gradient of mean annual temperatures and with whole microbial communities growing on leaf litter in a warming manipulation in boreal Alaska.
These two systems are complementary because the litter communities produce a more complex mixture of enzymes compared to individual Neurospora strains. Also, the warming experiment captures the short-term response of communities to warming, whereas the Neurospora strains have evolved under the long-term, integrated effects of different climate conditions.
| MATERIALS AND METHODS

| Neurospora strains
Neurospora discreta strains from Côte d'Ivoire, Thailand, Switzerland, and Spain were obtained from the Fungal Genetic Stock Center (Gladieux et al., 2015) . Other strains from the United States were from a culture collection maintained in J. Taylor's laboratory (Table 1) . Neurospora species occur in all continents, show a complex population structure, and include populations that inhabit the soil and reproduce following fire in temperate and boreal forests (Jacobson et al., 2004) .
| Growth conditions
Neurospora strains were inoculated from stock cultures onto the center of an agar plate containing Vogel's minimal medium (VMM).
Plates were sealed with Parafilm and incubated for 5-7 days at 21°C until fully covered by mycelium. The mycelium was then transferred to a 250 ml flask containing 100 ml VMM and incubated at 28°C with shaking at 150 rpm. After 3 days, the medium was centrifuged to separate the mycelium which was then rinsed and resuspended in VMM, homogenized in a blender (4 9 10 sec pulses), and transferred to a flask with 120 ml fresh VMM. This procedure was necessary to reduce aggregation of mycelium that inhibited the growth of some strains. After four more days of growth at 28°C
and shaking at 150 rpm, the mycelium was separated from the medium by centrifugation, and the supernatant was used in enzyme assays.
| Litter warming experiment
We analyzed enzyme parameters in litterbags collected from a soil Subsamples were removed for determination of enzyme activity (~0.6 g fresh weight) and dry weight. The enzyme subsamples were stored at À80°C until analysis.
| Enzyme assays
Potential activities of extracellular enzymes were measured according to established fluorimetric and colorimetric protocols for 96 well microplates . For culture assays, 125 ll Neurospora culture supernatant was combined with 125 ll substrate (Table 2 ) dissolved in 50 mM maleate buffer, pH 6.0. For litter assays, material was homogenized in 50 mM maleate buffer, pH 6.0, using a hand held Bamix Homogenizer (BioSpec Products, Bartlesville, OK, USA) at a ratio of~2.7 mg litter ml À1 buffer. This homogenate (125 ll) was combined with 125 ll substrate dissolved in ultrapure water. Substrate solutions were serially diluted by twofold from the maximum concentrations shown in Table 2 to create a gradient with eight substrate concentrations. The OX assay also using an extinction coefficient of 3.9 lM À1 for pyrogallol.
| Statistical analyses
Enzyme activity data were checked for outliers, and values below detection limits were converted to 0.0001, thereby removing negative activities from the dataset. Quality-checked activities were fit to the Michaelis-Menten equation using the nonlinear least squares (nls) function in base R (R Development Core Team, 2011). V max and K m parameters were extracted from the model fit, and parameters from poor fits were discarded.
Extracted parameters were log-transformed and analyzed with linear regression using incubation temperature as the independent variable. Regression slopes were extracted as a metric of V max or K m temperature sensitivity (T S ) in terms of change in log(V max ) or log(K m ) per°C. These slopes were converted to Q 10 values using the relationship Q 10 = exp(10 9 slope). For Neurospora cultures, we
also used this approach to analyze the ratio V max /K m for each strain and enzyme. Regression parameters were used to compute enzyme V max or K m at 16°C, hereafter referred to as V max or K m for simplicity. We chose 16°C as the common temperature at which to compare parameters because it falls within the range of our laboratory assays and approximates growing season temperatures for many of our strains.
Further analyses were conducted on the enzyme parameters. For
the Neurospora cultures, we tested for significant Spearman correlations between V max and K m using the corr.test function of the psych package in R. We used simple linear regression to test for significant relationships between strain isolation site mean annual temperature (MAT) and enzyme kinetic parameters or temperature sensitivities.
To account for nonindependence among strains isolated from the same site, we also tested for these relationships after including site as a random effect in the regression model. For the litter analyses, we tested for the effects of warming treatment and collection date on log enzyme kinetic parameters and temperature sensitivities using mixed-model analysis of variance (ANOVA) with block as the random factor.
3 | RESULTS 3.1 | Neurospora isolate V max and K m Under culture conditions, enzyme kinetic parameters varied substantially across enzymes and strains (Tables 3-5; Table S1 ). On average, V max at 16°C was greatest for N-acetyl-glucosaminidase T A B L E 3 Neurospora cross-strain average V max parameters (computed at 16°C) and temperature sensitivities (T S ) Figure 2a ). Average K m values at 16°C were less than 100 lM for NAG, a-glucosidase (AG), and the oxidases but ranged up to 850 lM for the other enzymes (Table 4 , Figure 2b ). These patterns for V max and K m resulted in a very high (Figure 3a) .
The results for K m T S were much more variable. K m T S was consistently positive for NAG with a cross-strain average of Q 10 of 2.80 (Table 4 , Figure 3b ). Most, but not all, strains showed positive K m T S for AG, acid phosphatase (AP), and the oxidases with average Q 10 ranging from 1.17 to 1.48 (Table 4) . K m T S for the carbohydratedegrading enzymes b-glucosidase (BG), BX, and CBH varied substantially across strains including both positive and negative values (Figure 3b) . Only LAP showed a consistently negative K m T S for most strains with an average Q 10 of 0.71 (Table 4 ). The T S of V max /K m was generally positive for all enzymes except NAG, which was consistently negative, and the oxidases which showed low or variable (Table 5 , Figure 3c ).
| Enzyme kinetic response to MAT for
Neurospora isolates
There were some significant positive relationships between enzyme kinetic parameters and MAT of the strain isolation site. V max showed T A B L E 4 Neurospora cross-strain average K m parameters (computed at 16°C) and temperature sensitivities (T S ) T A B L E 5 Neurospora cross-strain average V max /K m parameters (computed at 16°C) and temperature sensitivities (T S ) (Table 6; Table S3 ). The warming effect on V max was negative and significant for all enzymes except CBH, and there was also an interaction with date for AP, BG, NAG, OX, and PPO ( Figure 5a ). For K m , the warming effect was positive, at least on some dates, for AP, BG, CBH, LAP, and NAG ( Figure 5b ). In contrast, there was a significant negative warming effect on K m for the oxidases.
3.5 | Litter V max and K m temperature sensitivity
On average, V max T S was positive for all litter enzymes (Figure 6a ; Table S4 ). Warming treatment significantly increased V max T S of AP, BG, BX, and NAG, and there was a significant date by treatment interaction for AG, indicating increased T S under warming on the earlier collection dates (Table 6 ). In contrast, warming treatment significantly reduced V max T S of LAP.
K m T S varied by enzyme and in some cases warming treatment ( Figure 6b , Table 6 ). For AG, K m T S was low in the control plots but increased significantly with warming. In contrast, K m T S of AP was generally positive in control plots but declined significantly with warming on some dates. On average, K m T S for BG was close to zero, but there was a significant treatment by date interaction. BX
and CBH values were close to zero and showed no warming effects.
K m T S for LAP was consistently negative and significantly reduced by warming treatment, but for NAG it was consistently positive with the warming effect dependent on collection date. K m T S for the oxidases was generally positive but declined significantly with warming for OX.
| DISCUSSION
We found that the V max values of extracellular enzymes involved in decomposition increased exponentially with increasing temperature, consistent with Arrhenius theory and a positive feedback to climate warming (Davidson & Janssens, 2006) . Still, the strength of this feedback could be reduced if enzymes exhibit thermal adaptation such that E a rises under warming, thereby reducing absolute V max while increasing V max T S . Our litter enzyme results provide support for this thermal adaptation mechanism, as most enzymes showed lower V max values and some showed higher V max T S under warming treatment ( Figure 7 ). In contrast, we did not find support for thermal adaptation when comparing enzymes from Neurospora strains native to different thermal environments. These contrasting results suggest that community-level processes may influence thermal adaptation of Alaskan litter enzymes, whereas Neurospora taxa were limited in their thermal response due to phylogenetic constraints or ecological factors, such as changing substrate availability across the MAT gradient.
| V max -K m relationship
In the Neurospora study, significant positive correlations between energy barrier to overcome during activation of the transition state (Georlette et al., 2004; Lonhienne et al., 2000; Siddiqui & Cavicchioli, 2006) . This greater E a barrier results in a slower reaction rate (lower V max ), consistent with the relationships we saw.
| Temperature sensitivity of enzyme kinetics
The temperature sensitivity of V max , represented as Q 10 values, varied from 1.48 to 2.25 for Neurospora enzymes, similar to other studies (Hui, Mayes, & Wang, 2013; Koch, Tscherko, & Kandeler, 2007; Nottingham et al., 2016) . Although our Q 10 values were based on Arrhenius theory, MMRT has been proposed as a more appropriate framework for analyzing enzyme temperature sensitivity because it does not assume constant Q 10 as temperature changes (Schipper et al., 2014) . However, our study was not ideal for testing MMRT because we used a temperature range below the thermal optima of the enzymes. In addition, thermal adaptation predictions
have not yet been developed for MMRT. Nonetheless, we successfully fit the MMRT equation to obtain thermodynamic parameters and heat capacities for many of our Neurospora and litter enzymes ( Figure S1 ). This analysis showed that most enzyme heat capacities in our study were close to zero, where Arrhenius theory and MMRT yield similar Q 10 values. Still, if MMRT is developed further to make predictions about thermal adaptation, our data could be used to test them.
K m T S was positive for some enzymes but close to zero or negative for others in both experimental systems. K m T S is measured less frequently than V max T S in environmental contexts, but our results are partially consistent with previous studies (German, Marcelo, Stone, & Allison, 2012; Stone et al., 2012) . As in these studies, K m T S was generally lower than V max T S ; however, the magnitude of K m T S for Neurospora and Alaskan litter enzymes was lower than in most of the soils measured previously, including those from our Alaskan field site. NAG was an exception to this pattern with higher K m T S among Neurospora strains and Alaskan litter compared to soils from Alaska and several other sites (German, Marcelo, Stone, & Allison, 2012; Stone et al., 2012) . Because LAP is involved in protein degradation, these results imply that rising temperatures might favor increased nitrogen cycling from protein sources relative to peptidoglycans, particularly if substrate concentrations for these enzymes are near K m .
| Response to thermal environment
Physiological theory predicts that organisms from cold environments should minimize enzyme E a to maximize catalytic rates; conversely warm-adapted enzymes should have higher E a (Georlette et al., 2004; Siddiqui & Cavicchioli, 2006; Somero, 2004) . Based on the Arrhenius relationship (Equation 4), warm-adapted enzymes should therefore have higher temperature sensitivities. Multiple studies suggest that soil enzyme properties respond to thermal environment T A B L E 6 p-values from mixed-model analyses of variance on log (V max ), log(K m ), and V max and K m temperature sensitivities (T S ) (Fenner, Freeman, & Reynolds, 2005; Stone et al., 2012) , but in contrast to physiological theory, some studies have found higher V max T S in enzymes from cooler environments. For instance, in some tundra and forest soils, V max T S increased during cool seasons (Brzostek & Finzi, 2011; Wallenstein et al., 2009) , although this pattern reversed for proteolytic activity in a sugar maple forest (Brzostek & Finzi, 2012) . Across an elevation gradient in the Andes, V max T S was greater at higher, cooler elevations for some extracellular enzymes (Nottingham et al., 2016) .
Our study lends support for physiological theory under controlled conditions, with enzymes from the warming experiment, but not across the MAT gradient where we observed higher V max for some Neurospora enzymes from warmer sites (Figure 4a ). We suspect that factors aside from thermal environment can modulate the enzyme parameters of Neurospora strains. The ecosystems hosting these strains differed not only in MAT but also precipitation, vegetation type, biotic community composition, and soil edaphic characteristics. All these factors may select on the complement of extracellular enzyme genes present in fungal genomes as well as the kinetic properties of the expressed enzymes (Riley et al., 2014) . As in previous studies (German, Marcelo, et al. 2012 ), such differences may have obscured the influence of temperature on the biochemical properties of individual enzymes or enzyme classes.
In the warming experiment with Alaskan litter, many of these characteristics were better controlled because we used a paired sampling design. This design may have afforded the power to detect changes in enzyme V max consistent with physiological theory and driven by community-level processes. A previous study showed that our warming treatment alters fungal community composition and the genetic capacity to degrade lignin-like compounds, which is consistent with changes in soil enzyme functioning (McGuire et al., 2010) .
It is also possible that greater late-season drying in the warming treatment affected our enzyme V max results (Allison & Treseder, 2008) , but other studies suggest that drying can increase measured V max in contrast to the pattern we observed (Alster, German, Lu, & Allison, 2013) .
Trends in V max T S differed across our two study systems. Again, under the better controlled conditions of the warming experiment, we found some support for the physiological prediction that warmer environments allow for relatively higher E a and therefore higher temperature sensitivity. Yet, in our Neurospora study, there were no relationships between V max T S and strain origin MAT. These results align with observations from Elias, Wieczorek, Rosenne, and Tawfik (2014) , who found no differences in Q 10 among enzymes from psychrophiles vs. thermophiles. Likewise, no relationship between MAT and V max T S was found in a previous cross-latitudinal study with five enzymes (German, Marcelo, et al. 2012) . As a whole, these findings challenge classic physiological theory and suggest a need to further develop MMRT (Schipper et al., 2014) or theory on enzyme rigidity (Elias et al., 2014) to address enzyme thermal adaptation at the global scale.
Based on biochemical and physiological theory, we predicted that K m and K m T S should be lower in warmer environments. We found little support for this theory-K m and K m T S both varied inconsistently with thermal environment in the Neurospora and Alaskan litter studies (Figures 4b, 5b, 6b ). Although K m T S of soil b-glucosidase was previously found to decline with increasing MAT, no relationship was observed for four other enzymes (German, Marcelo, et al. 2012) . Taken together, these results suggest that there may be biochemical limits to the thermal adaptation of K m , or that adaptation is difficult to observe in mixtures of enzymes influenced by confounding ecological factors.
Predictions of carbon-climate feedbacks require data on enzymatic rate changes under a warmer climate (Wieder, Bonan, & Allison, 2013) . Overall, the results from our Alaskan warming study suggest a negative feedback, as litter communities showed lower enzyme V max under warming treatment (Figure 7 ). This result is consistent with physiological theory and with reduced soil respiration and increased surface soil carbon pools observed in the warming treatment (Allison & Treseder, 2008; Crowther et al., 2016) . Our results also suggest that thermal adaptation responses may be weaker or more difficult to observe across broad climate gradients.
Even though the Neurospora strains evolved under very different MAT, there was little evidence for thermal adaptation of Neurospora enzymes. Temperature may be a weak selective force on enzyme properties compared to other edaphic and ecological factors that vary across broad climate gradients.
Regarding temperature sensitivity, our study identifies a need for new theory development. Existing physiological theory could not account for observed variation in V max or K m temperature sensitivities across thermal environments, especially in our Neurospora study. In general, the response was weaker than expected, F I G U R E 7 Hypothesized changes in enzyme log(K m ), log(V max ), and activation energy (E a ) under thermal adaptation to cold vs. warm environments. Temperature ranges indicate laboratory assay conditions. Empirical agreement with the hypotheses is indicated for the Neurospora vs. litter studies in the last two columns [Colour figure can be viewed at wileyonlinelibrary.com] suggesting that most enzymes will maintain their temperature sensitivities under a warmer climate. Even if the mechanisms and underlying theory are unclear at this point, this empirical result is important for parameterizing trait-based models that require V max , K m , and temperature sensitivity data on microbial enzymes (Allison, 2012; Kaiser, Franklin, Dieckmann, & Richter, 2014) . For example, our findings suggest that the relative cycling of different nutrient forms, particularly proteins vs. peptidoglycans, may change due to differential kinetic responses to temperature across enzyme classes. Altogether, our study provides enzyme data and theoretical insight that should help improve predictions of soil biogeochemical feedbacks under climate change (Wang, Post, & Mayes, 2013; Wieder, Grandy, Kallenbach, & Bonan, 2014; Wieder et al., 2013) . 
